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We report on the spatially separated pump-probe study of indirect excitons in the inner ring in the 
exciton emission pattern. A pump laser beam generates the inner ring and a weaker probe laser beam 
is positioned in the inner ring. The probe beam is found to suppress the exciton emission intensity in 
the ring. We also report on the inner ring fragmentation and formation of multiple rings in the inner 
ring region. These features are found to originate from a weak spatial modulation of the excitation 
beam intensity in the inner ring region. The modulation of exciton emission intensity anti-correlates 
with the modulation of the laser excitation intensity. The three phenomena - inner ring fragmentation, 
formation of multiple rings in the inner ring region, and emission suppression by a weak probe laser 
beam - have a common feature: a reduction of exciton emission intensity in the region of enhanced 
laser excitation. This effect is explained in terms of exciton transport and thermalization. 
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I. INTRODUCTION 

An exciton is a bound, typically hydrogen-like, state 
of an electron and a hole in a semiconductor. An in- 
direct exciton is an exciton with an electron and a hole 
confined in spatially separated quantum wells layers^. 
Indirect excitons can be realized in a coupled quantum 
well structure (CQW)^. The spatial separation reduces 
the overlap of electron and hole wave functions thus al- 
lowing to achieve long exciton lifetimes, orders of mag- 
nitude longer than lifetimes of spatially direct excitons. 
In addition, indirect excitons are oriented dipoles with a 
built-in dipole moment ed, where e is the electron charge 
and d is the separation between the electron and hole 
layers (close to the distance between QW centers). The 
repulsive dipole-dipole interaction between indirect ex- 
citons allows them to screen in-plane disorder of the 
sample^. The combination of long lifetimes with a small 
amplitude of screened disorder allows indirect excitons 
to travel over large distances before recombinatiorP^. 
Furthermore, the built-in dipole moment allows to con- 
trol indirect excitons by voltage V^ applied between elec- 
trodes above and below the QW layers: an electric field 
perpendicular to the QW plane f z results in exciton en- 
ergy shift by edFz oc V^. The long lifetimes also allow 
indirect excitons to cool down to low temperatures be- 
low the temperature of quantum degenerac}/^^. These 
properties of indirect excitons - their ability to travel over 
large distances, their ability to cool to low temperatures, 
the possibility to control their transport by voltage and 
light, and the possibility to measure their transport by 
optical imaging - make indirect excitons a model system 
for studying transport of cold bosons in materials. 

Transport of indirect excitons was studied in a va- 
riety of potential landscap es cre ated by applied elec- 
tric fields, including ramp^^EE^, traps^, latticePEH, 



moving lattices-conveyers^^, narrow channels^^EHS ^j^^j 
circuit devices^^^^-% as well as in optically in- 
duced trapgl^EIElEl ^ set of exciton transport phe- 
nomena was observed, including the transistor effect 
for excitons^^^^^^^^, locali zation-del ocalization transi- 
tion in random potentials^^E^EMzEH and in static and 
moving lattices^^^^^^, and the inner ring in emission 
patterns^ 9 ^^^^26 2^ ^9 32. The studies of the latter form 
the subject of this work. 

Long-lived excitons generated by focused excitation 
can form an emission ring around the excitation spot, 
referred to as the inner ring. The inner ring occurs 
due to the heating of the exciton gas by laser excitation. 
The heating results in a reduction in the occupation of 
the low-energy optically active exciton state9^^«^ and, 
in turn, the exciton emission intensity. When excitons 
travel away from the excitation spot they thermalize to 
the lattice temperature so that the emission intensity in- 
cre ases outside o f the excitation spot forming the inner 

Besides the inner ring, the external ring can be ob- 
served around the excitation spot^^— and localized 
bright spot (LBS) rin^s c an b e observed around local- 
ized carrier source d^ ' ^^^^^^ ISMsj j^^ external and LBS 
rings form on the boundaries between electron-rich 
and hole-rich regions; the former is created by current 
through the structure and the latter is created by optical 
excitation^^ 3^^2. 

At low temperatures, intensity modula tior l^ l ^^ l ^^^ and 
spontaneous coherence of excitons^ ^ ^ ^^ l ^^ l are observed in 
the external ring; intensity modulation^ and sponta- 
neous coherence of excitons^ are also observed in the 
LBS rings. The exciton state with the spatial order of 
higher-intensity exciton beads on a macroscopic length 
scale (up to -mm) is referred to as the macroscopically 
ordered exciton state (MOES)''. The exciton coherence 



length in the MOES reaches ~ 10 jim and is much larger 
than the coherence length, which can be achieved in a 
classical gas, showing that the MOES is a condensate 
in momentum space^^^^. The development of under- 
standing of the MOES is in progress. Theoretical models 
describing various instabilities in the external ring will 
be reviewed elsewhere. 

In contrast to the external and LBS rings, the intensity 
profile along the inner ring was smooth^ and no inten- 
sity modulation was reported in the inner ring until this 
work. In this article, we present observations of radial 
and azimuthal modulation of the emission intensity of 
indirect excitons in the inner ring. We also present a spa- 
tially separated pump-probe study of indirect excitons 
in the inner ring: A probe beam positioned in the inner 
ring generated by a pump beam is found to suppress the 
exciton emission intensity. The inner ring fragmentation, 
formation of multiple rings in the inner ring region, and 
emission suppression by a probe laser beam are all char- 
acterized by a reduction of exciton emission intensity in 
the region of enhanced laser excitation. We discuss the 
origin of these phenomena and present a model which 
explains a reduction of exciton emission intensity in the 
region of enhanced laser excitation. 

In Section II, we describe the spatially separated 
pump-probe study of indirect excitons in the inner ring. 
In Section III, we present the radial and azimuthal modu- 
lation of the emission intensity of indirect excitons in the 
inner ring. A summary of the work is given in Section 
IV. In Appendix, we show that the reported fragmented 
inner ring is qualitatively different from the earlier ob- 
served fragmented external ring. 



II. SPATIALLY-RESOLVED PUMP-PROBE STUDY 
A. Experiments 

A common feature of pump-probe experiments is to 
generate an excitation using a "pump'' beam and to 
probe the system using a (weaker) "probe'' beam. Typ- 
ically, the pump and probe excitations are separated in 
time^^. Here, we present the measurements where the 
pump and probe laser beams excite simultaneously and 
continuously but are separated in space: A pump laser 
beam generates the inner ring and a weaker probe laser 
beam is positioned in this inner ring. We study the ef- 
fect of a probe beam on an exciton cloud generated by 
a pump beam. Furthermore, as described in Section [ill} 
these spatially resolved pump-probe experiments clamy 
the origin of the inner ring fragmentation. 

The CQW structure is grown by molecular beam epi- 
taxy (MBE). The structure consists of two GaAs quantum 
wells separated by 4 nm Alo.33Gao.67 As barrier and sur- 
rounded by 200 nm Alo.33Gao.67As barrier layers. The 
top and bottom electrodes are Si-doped n^-GaAs layers 



layer between them (Fig.[Tk,b), V^ = 1.4 V for the data 
presented in this Section. The details on this sample can 
be found in Ref.^"". 

A 632 nm HeNe laser is used for a pump beam and 
a tunable-frequency Ti:Sapphire laser or 632 nm HeNe 
laser is used for a probe beam. The excitation geometry 
is linear, with both the pump and probe beams focused 
into lines greater than 200 jim long and with full width 
at half -maximum FWHM ^10 /im. In this geometry, 
the inner ring is observed as a pair of lines on each side 
of the laser excitation line. The pump and probe lasers 
are operated in cw mode. Although the line geome- 
try is different from the ring geometry, for clarity, we 
keep calling the regions of enhanced emission intensity 
around the excitation spot the inner ring. Emission im- 
ages are captured by a CCD camera with a bandpass 
filter selecting photon wavelengths A = 800 + 5 nm cov- 
ering the spectral range of the indirect exciton emission. 
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FIG. 1: Exciton emission images, (a) CQW band diagram, (b) 
Sample structure. GaAs quantum wells are positioned within 
the insulating Alo.33Gao.67 As layer (white) surrounded by con- 
ducting n^-GaAs layers (gray). Voltage Vg is applied between 
top and bottom electrodes to create an electric field perpendic- 
ular to the QW plane, (c-e) x-energy images of the emission of 
indirect excitons with pump (c), probe (d), and both (e) beams 
present. The pump and probe laser power Ppump = 700 /iW, 
with nsi = 5x10^^ cm-^. The voltageV^ applied between ^p^obe = 100 fiW and energy Ep^^p = Ep^obe = I960 meV. The 
the conducting n+-GaAs layers drops in the insulating ^^^^ positions are indicated by arrows. 
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FIG. 2: Exciton emission profiles in the spatially-resolved 
pump-probe experiment. Measured emission intensity pro- 
files of indirect excitons for increasing Pprobe- Plots are offset 
for clarity. The pump and probe excitation profiles are shown 
by dashed lines. The pump beam generates the inner ring and 
the probe beam is positioned in the inner ring. The external ring 
can also be seen beyond the inner ring, the external ring radius 
(that is the distance to the excitation line for the studied case 
of line excitation) quickly increases with the excitation power. 
Ppump = Pprobe = I960 meV. Pump power Ppump = 700 /iW and 
temperature T - 1.6 K. 



Spectra are measured using a spectrometer with resolu- 
tion 0.18 meV. The measurements are done in a helium 
cryostat at 1.6 K. 

For a weak laser excitation, the density of optically 
generated excitons is low, they are localized by the 
in-plane disorder potential in the structure and their 
emission profile essentially follows the laser excitation 
profile"" ^ i^|i8 | 26 | 28 2 9 ^ Pqj, ^ strong laser excitation, the 
density of generated excitons is high so that they can 
effectively screen the disorder potential, delocalize, and 
travel and cool to the lattice temperature outside the laser 
excitation spot thus forming the inner ring^ ^ ^^ ^^ ^^ ^^ ^^. 

Figures [it-e show the examples of x-energy emission 
images of indirect excitons. Figure IT]: shows the inner 
ring generated by the pump laser. In all experiments 
presented in this Section, the energy of the pump laser 
£pump is considerably (~ 400 meV) higher than the ex- 
citon energy. Such high-energy laser excitation strongly 
heats excitons in the excitation spot and can create a 
pronounced inner ring pattern^^. Figure ml shows the 
emission pattern generated by a weaker probe laser. A 
similar ring pattern is seen as in Fig. IT}: with a smaller 
inner ring radius due to a lower density of generated 
excitons. These single-beam patterns a re consisten t with 
the patterns measured in earlier studie^'^E^E^'^^l^^ . Fig- 
ure ife shows the emission pattern when both pump and 
probe beams are present. The probe beam is positioned 
in the inner ring generated by the pump beam. Figurellfe 
shows that the addition of the probe beam in the inner 
ring reduces the emission intensity in the probe beam 
location. This counterintuitive behavior is detailed in 



FIG. 3: Effect of probe beam on indirect exciton emission, (a) 
High-energy probe beam (Pprobe = I960 meV) positioned in 
the inner ring generated by the pump beam causes the emis- 
sion suppression of indirect excitons (black). The energy of 
indirect excitons (red) monotonically increases with the probe 
power Pprobe- (b) Probe beam tuned to the direct exciton en- 
ergy (Pprobe = 1575 meV) does not suppress the indirect exci- 
ton emission. Both the emission intensity (black) and energy 
(red) of indirect excitons monotonically increase with Pprobe- 
Ppump = I960 meV and Ppump = 700 f^W both for (a) and (b). 



Fig.|2]andj3]and described below. 

Figure |2[shows a series of emission profiles of indirect 
excitons ror fixed pump laser power Ppump and varying 
probe laser power Pprobe- For Pprobe = 0, the pump beam 
generates the inner ring around it (the lowest profile in 
Fig.|2l. An increase of the probe laser power results in the 
suppression of the exciton emission in the probe beam 
location (Figj2]). The emission suppression can be also 
seen in Fig. [3a, which presents the emission intensity 
of indirect excitons in the probe beam location. Note 
that a weak probe beam with Pprobe < 100 /^W causes a 
significant suppression of the emission intensity in the 
inner ring generated by an order of magnitude stronger 
^pump = 700 /iW pump beam. 

Figure |3] also shows that the exciton emission energy 
monotonically increases with the probe power Pprobe- 
The repulsive interaction between indirect excitons in 
the CQ Vy results in the exciton energy enhancement with 
densit}^ ^ l ^^ l ^^ l ^^ l ^^ l^^^^^^. The observed energy enhance- 
ment (Fig.[3| indicates that the exciton density increases 
with increasing Pprobe- Figure Isk shows that the high- 
energy probe beam suppresses tne emission intensity of 
indirect excitons in the probe beam location, while in- 
creasing the density of indirect excitons. 

Figure |3b presents the data for the probe beam energy 
Pprobe tuned to the direct exciton resonance: Pprobe = 
1575 meV. As shown in previous studies^, such reso- 
nant excitation minimizes the excitation-induced heat- 
ing of indirect excitons. Figure |3b shows that the reso- 
nant probe beam increases both emission intensity and 
density of indirect excitons. 

These data suggest that the high-energy probe beam 



results in substantial local heating of the exciton gas that 
lowers the occupation of the low-energy optically active 
exciton states and, in turn, the exciton emission intensity 
even in spite of the increase of the total local exciton den- 
sity. This interpretation is supported by the simulations 
described in the next Section. 



B. Simulations 

A model based on the transpor t, th ermalization and 
optical decay of indirect excitong^E^l ig used to simu- 
late the exciton spatial photoluminescence (PL) patterns. 
Full details of the model can be found in Ref .^''. This Sec- 
tion gives a brief schematic of the model and describes 
details of the pump-probe simulations relevant to the 
experiments presented above. The steady-state density 
distribution of dipole-oriented indirect excitons, nx, sat- 
isfies the following non-linear transport equation, 

V[DVnx + f/nxV(uonx)] - Foptnx + A = 0. (1) 

For the line excitation geometry of the pump-probe ex- 
periments where the system is homogeneous in the y- 
direction, V = djdx is used. The two terms in the 
square brackets of Eq. ^ are due to the diffusion and 
drift currents of excitons, respectively. The density 
and temperature dependence of the diffusion coefficient 
D = Doexp[-L[o/(i^o^x + ^bT)] describes the screening of 
the QW disorder potential by the repulsively interact- 
ing indirect excitons^. uqU^ is the dipole-dipole interac- 
tion potential and Uq is the amplitude of the disorder 
potential. The exciton mobility is given by the gener- 
alized Einstein relation, /i = D{e^^l^ - l)/{kBTQ). Here, 
To = {nff-n^) I {TMJcb) is the temperature of quantum de- 
generacy (Mx = ^.llniQ is the exciton mass). The optical 
decay rate Fopt(To, T) includes the fact that only exci- 
tons in the low energy, optically active states may emit 
llg]^^33 35 The exciton generation rate A = Apump + Aprobe 
has contributions from the pump and probe beams, 
Apump and Aprobe/ respectively. These have Gaussian 
profiles with position and FWHM chosen to match the 
experiments. 

The profile of the indirect exciton effective tempera- 
ture T, which stands in the expressions for the diffusion 
coefficient, mobility, and optical decay rate, is found by 
solving a heat balance equation, 

'-'phononV^ 0/ ^ j — '-'laserV^ 0/ ^ / ^^pump/ ^pump/ "■" \^) 

+ Slaser(To, T, Aprobe/ f^probe^' 

Here, Sphonon is the rate of cooling of indirect excitons 
towards the lattice temperature by a bath of bulk longi- 
tudinal acoustic phonons. In the case of non-resonant 
excitation, heating of the exciton gas occurs due to the 
injection of high-energy excitons, which then thermal- 
ize within a time scale much shorter than the cooling 
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FIG. 4: Exciton emission profiles in the spatially-resolved 
pump-probe study, (a-c) Calculated profiles of emission in- 
tensity (a), density (b), and temperature (c) of indirect exci- 
tons for increasing Aprobe • The pump generation rate Ap^mp = 
8 X 10^ cm~^ns~^. The probe generation rate increases from 
Aprobe = (bottom) to Aprobe = 8 X 10^ cm~^ns~^ (top). Plots are 
offset for clarity. The pump and probe excitation profiles are 
shown by dashed lines. The pump beam generates the inner 
ring and the probe beam is positioned in the inner ring. The 
temperature corresponding to flat parts of the curves in (c) is 
1.6 K. 



time associated with acoustic phonons^. The laser in- 
duced heating rate Siaser(To, T, Apump(probe), £puip(probe)) ^^ 

characterized by the injection rate Apump(probe) and the 
excess energy E"^^^ , . , acquired by photoexcited ex- 

oy pump (probe) ^ -J ^ 

citons due to the pump (probe) beams. The excess en- 
ergy relates to the laser excitation energy Epump(probe) by 

^puip(probe) ^ £pump(probe) " ^ix where Ejx is the indirect 



exciton energy. Expressions for Sphonon/ Siaser/ Topt and 
all other parameters of the model are given in Ref . . 

Solving numerically Eqs. ([l][3|, reveals the spatial pro- 
files of the density n^, temperature T and optical de- 
cay rate Fopt of indirect excitons. The emission intensity 
hi = Topt^^x is used to make comparisons with the exper- 
imental data. 

The results of the simulations are presented in Fig. [4] 
They show that illuminating the inner ring with a weaker 
probe beam produces local heating of the exciton gas 
(Fig. [4]:) and, as a result, a darkening of the exciton emis- 
sion in that area (Fig. Ilk) even in spite of the increase of 
the local exciton density (Fig.|4]3), in agreement with the 
experimental data (Fig.|2|. 



III. AZIMUTHAL AND RADIAL FRAGMENTATION OF 
THE INNER RING 

In this Section we present azimuthal and radial frag- 
mentation of the inner ring. The CQW structure used in 
these studies is similar to the structure used in the pump- 
probe experiment described in Section[ll| Two 8 nm GaAs 
quantum wells separated by 4 nm ATo.33Gao.67 As bar- 
rier, are enclosed between 100 nm (bottom) and 900 nm 
(top) Alo.33Gao.67 As barrier layers. The bottom electrode 
is Si-doped n^-GaAs layer with nst = 10^^ cm~^ and 
the top electrode is a semitransparent sputter-deposited 
80 nm ITO layer. The voltage V^ applied between the 
top and bottom electrodes drops in the insulating layer 
between them (Fig. [l^,b). For samples with the same 
layer structure, designed patterns of top electrodes cre- 
ate the required in-plane pote ntial la ndscapes for exci- 
tons, including traps^^, lattices^^'^^'^, ramps^, and cir- 
cuit devices^ ^'^^ ' ^^ ' ^^ l In this work, we use a top electrode 
unstructured on a large area. Such electrode creates a 
laterally homogeneous f z as in the experiments in Sec- 
tion In] Excitons are generated by a 700 nm TiiSapphire 
laser or 632 nm HeNe laser focused to the excitation spot 
~ 5/im in diameter. Imaging and spectroscopy are per- 
formed the same way as in the experiment described in 
Section mi 

Figure |5k shows a fragmented exciton inner ring. The 
azimuthalvariations of exciton emission intensity anti- 
correlate with the azimuthal variations of the tails of 
laser excitation (Eig.lSJ:). This suggests that the origin of 
the inner ring fragmentation is the exciton emission sup- 
pression by the high-energy laser excitation in the inner 
ring region. A mechanism of exciton emission suppres- 
sion in the inner ring by high-energy laser excitation is 
described in Sectionlll] Note that the intensity of the laser 
tails that cause the fragmentation is too low to be visible 
in the same image as the intensity peak at the center of 
the spot (Fig. ^). 

Another pattern in the exciton inner ring is shown 
in Fig. [6^. In this case, the laser spot is shaped to be 
surrounded by weak Airy rings. Airy rings originate 
from the beam diffraction and their radius and inten- 
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FIG. 5: Azimuthal fragmentation of the inner ring, (a) Spatial 
distribution of emission intensity of indirect excitons. (b) Laser 
excitation shape, (c) Normalized azimuthal profiles of emis- 
sion intensity of indirect excitons (black) and laser excitation 
(red) in the inner ring region. The profiles are measured along 
the circular path around the laser excitation center, see inset. 
The modulation of exciton emission intensity anti-correlates 
with the modulation of the laser excitation intensity, (d) Ra- 
dial intensity profiles of emission intensity of indirect excitons 
(black) and laser excitation (red). The profiles are measured 
along the straight line through the laser excitation center, see 
inset. The dotted lines in (d) show the location of the circular 
path in (c). A bump in the center seen in (a) and (d) is due 
to GaAs bulk emission in the spectral range of indirect exci- 
tons. The laser excitation energy E = 1960 meV and power 
P = 10 fiW. 



sity can be controlled by optics^^. In this experiment, 
an iris aperture is introduced into the laser beam to cre- 
ate weak Airy rings of laser excitation in the inner ring 
region. Airy rings of laser excitation can result in the for- 
mation of multiple rings in exciton emission. Two rings 
can be clearly seen in the exciton emission pattern in the 
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FIG. 6: Radial fragmentation of the inner ring, (a) Spatial 
distribution of emission intensity of indirect excitons. Left 
and bottom edges are cut off at the electrode edge, (b) Radial 
profile of laser excitation (solid line). Dashed line shows nega- 
tive second derivative of logarithm of intensity to magnify the 
intensity modulation on a slowly varied background, (c) Ra- 
dial profiles of emission intensity of indirect excitons. Dotted 
lines show the anti-correlation between the laser excitation (b) 
and exciton emission intensity (c). The laser excitation energy 
E = 1960 meV and power P = 8 fiW. 



inner ring region (Fig.[6|. This effect is caused by a w^eak 
radial modulation of the laser intensity (Fig. [6b). Fig- 
ure [6]3,c shows that bright Airy rings of laser excitation 
anti-correlate with bright rings of exciton emission. Both 
in the case of the azimuthal (Fig. |5| and radial (Fig. [6| 
fragmentation of the inner ring, a weak enhancement 
of the laser excitation intensity in the inner ring region, 
orders of magnitude weaker than the excitation used to 
generate the exciton cloud, produces a substantial sup- 
pression of exciton emission in the inner ring. 

No substantial fragmentation of the inner ring is ob- 
served in the case of a lower-energy Ti:Sapphire exci- 
tation (Fig.[7]). This excitation does not cause as strong 
heating of the exciton gas as the high-energy excitation^^. 
The contrast of the inner ring itself, i.e. the reduction of 
the exciton emission intensity in the laser excitation cen- 
ter, is also substantially weaker for such excitation for the 
same reason^^. Furthermore, no substantial fragmenta- 
tion of the inner ring is observed for the high-energy 
laser excitation when the tails of the laser excitation spot 



E 
3 



-15 



1560 



CD 

c 
LU 



1550 



QQQ 

-15 15 -15 15 -15 15 




-15 15 

X (|im) 



FIG. 7: Inner ring for a lower-energy Ti:Sapphire laser excita- 
tion, (a-c) Spatial images of the indirect exciton emission for 
the electrode voltage Vg = -2 V (a), -2.5 V (b), and -3 V (c). 
(d-f) x-energy images of the indirect exciton emission for the 
electrode voltage Vg = -2 V (d), -2.5 V (e), and -3 V (f). The 
laser excitation power P = 16 /iW (a-c) and 10 /iW (d-f), and 
energy E = 1771 meV. 



in the inner ring region are smooth, see Fig. Id in Ref.l^. 
These data confirm that the observed azimuthal and ra- 
dial fragmentation of the exciton emission intensity in 
the inner ring are caused by the heating of a cold exci- 
ton gas in the inner ring by a spatially modulated laser 
excitation in the inner ring region. 

The fragmentation of the inner ring is clearly different 
from the fragmentation of the external and LBS rings 
studied earlier. While the fragmentation of the inner 
ring is determined by the shape of the laser excitation 
tails in the inner ring region, the fragmentation of the 
external and LBS rings forms spontaneously as described 
in^ 36 40 41 43 44^ g^^ Sectiou I. Details on the comparison of 
the fragmented inner ring and fragmented external ring 
are presented in Appendix. 



IV. SUMMARY 

We studied the effect of laser excitation on the inner 
ring in the exciton emission pattern. We performed the 
spatially separated pump-probe study of indirect exci- 
tons in the inner ring. A pump laser beam generates the 
inner ring and a weaker probe laser beam is positioned 





FIG. 8: The inner ring dependence on excitation power, (a-c) 
The inner ring with increasing excitation power: P = 4 /iW (a), 
9 /iW (b), and 12 /iW (c). The emission peak seen in the center 
of the ring in (b,c) is due to bulk GaAs emission in the spectral 
range of indirect excitons. y g = 3 V, £ = 1960 meV. 



FIG. 9: The inner ring dependence on applied voltage, (a-c) 
The inner ring with increasing voltage: Vg = 1.5 V (a), 2.5 V (b), 
and 3.5 V (c). The emission peak seen in the center of the ring 
is due to bulk GaAs emission in the spectral range of indirect 
excitons. P = 10 fiW, E = 1960 meV. 



in the inner ring. The probe beam is found to suppress 
the exciton emission intensity in the ring. We also report 
on the inner ring fragmentation and formation of mul- 
tiple rings in the inner ring region. These features are 
found to originate from a weak spatial modulation of the 
excitation beam intensity in the inner ring region. The 
modulation of exciton emission intensity anti-correlates 
w^ith the modulation of the laser excitation intensity. The 
three phenomena - inner ring fragmentation, formation 
of multiple rings in the inner ring region, and emission 
suppression by a w^eak probe laser beam - have a com- 
mon feature: a reduction of exciton emission intensity in 
the region of enhanced laser excitation. Another shared 
feature of all these patterns is that a weak enhancement 
of the laser excitation intensity in the inner ring region, 
orders of magnitude weaker than the excitation used to 
generate the exciton cloud, produces a substantial sup- 
pression of exciton emission in the inner ring. The ob- 
served fragmentation of the inner ring is clearly differ- 
ent from the fragmentation of the external and LBS rings 
studied earlier. A reduction of exciton emission intensity 
in the region of enhanced laser excitation is explained in 
terms of exciton transport and thermalization: The ex- 
perimental data and theoretical simulations show that 
illuminating the inner ring with a high-energy laser ex- 
citation produces local heating of the exciton gas and, as 
a result, suppresses the exciton emission in that area in 
spite of the increase of the local exciton density. 
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VL APPENDIX: INNER RING VS EXTERNAL RING 

Both the inner and external ring form around the laser 
excitation spot. However, the origin of the inner ring and 
the external ring is clearly different (see Section I). The 
origin of the inner ring fragmentation and the external 




FIG. 10: The external ring dependence on excitation power, 
(a-c) The external ring with increasing excitation power: P = 
310 fiW (a), 560 fiW (b), and 930 fiW (c). V^ = 1.24 V, £ = 
1960 meV. 



ring fragmentation is also clearly different (see Sections 
I-III). It is important to distinguish the inner and external 
ring in the experiments. In this Appendix, we present 
the differences between the inner ring and external ring. 
In particular, the dependence of the ring on the laser 
excitation power and energy and applied voltage verify 
that the ring studied in this paper is the inner ring. 

The external ring is not observed when the laser ex- 
citation energy is well below the bandgap of the barrier 
material since such excitation typically does not gen- 
erate the hole-rich area required for the external ring 
f ormation"" ^^.^ML^ Qn the contrary, the inner ring can be 
observed for the sub-barrier laser excitation, see Fig. 7 
and Refs.l^. 

Figure M shows the dependence of the inner ring on 
excitation power P. The ring radius slowly increases 
with P. The increase of P results to the enhancement 
of the exciton density and, in turn, to a more effective 
screening of the in-plane disorder potential by excitons 
thus facilitating the transport of excitons over larger dis- 




FIG. 11: The external ring dependence on applied voltage, (a- 
c) The external ring with increasing voltage: V^ = 1.262 V (a), 
1.274 V (b), and 1.3 V (c). P = 1400 fiW, E = 1960 meV. 
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FIG. 12: Merging of two inner rings, (a-d) The emission pattern 
showing two inner rings created by two laser excitation spots 
merging into one spot as the left laser excitation spot is moved 
to the right. Laser power for both excitations P = 10 /iW, 
applied voltage Vg = -3 V. 



tances and increasing the inner ring radius. The increase 
of the inner ring radius w^ith increasing excitation powder 
is in agreement with the theory^. 

Figure |9] shows the dependence of the inner ring on 
applied voltage V^. The ring radius slowly increases 



with increasing V^g. The applied voltage increases the 
lifetime of indirect excitons and, as a result, their density. 
Both a longer lifetime and a more effective screening of 
the disorder potential due to a higher exciton density 
facilitate the transport of excitons over larger distances 
thus increasing the inner ring radius. 



For comparison. Figures [TQ| and 11 show the depen- 
dence of the external ring on excitation power P and ap- 
plied voltage Vg, respectively. The increase of P increases 
the number of photogenerated holes thus increasing the 
external ring radius (Fig.lTo]), while the increase of V^ in- 
creases the number of electrically injected e lectr ons thus 
reducing the external ring radius (Fig.nijpiE^lEl, x^g ex- 
ternal ring radius varies more quickly with P and V^ than 
the inner ring radius, compare Fig. Island 10 9] and 11 
Furthermore, there is a qualitative difference in the volt 
age dependence: The inner ring radius increases with 
Vg (Fig. [9| while the external ring radius reduces with 

^g(Fig-E)- 

A remarkable difference between the inner ring and 
external ring is also observed in the character of merg- 
ing two rings. Figure 12 shows merging of two inner 
rings generated by two laser excitation spots as one exci- 
tation spot is moved towards another. Figure p^ shows 
that the intensity of the touching inner rings is added 
creating a bright region between the inner rings. This 
behavior is similar to the formation of the bright exci- 
ton cloud in the center of the optical trap in agreement 
with simulationgEESl. in contrast, merging of two ex- 
ternal rings generated by two laser excitation spots is 
qualitatively different: As the spots are brought closer, 
the external rings attract one another, deform, and then 
open towards each other, forming a dark area between 
the external rings, see Fig. 2 in Ref.^^. This behavior, sug- 
gesting the existence of dark matter outside the external 
rings that mediates the interaction between the external 
rings, is in agreement with the transport modeP^. The 
model readily accounts for the attraction between the 
external rings, with this dark matter being just the elec- 
tron flow outside each ring which is perturbed by the 
presence of another ring^. 
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